INTRODUCTION
Currently there are two approaches to the dry etching for Si MEMS, both of which are able to prevent undercutting of the feature sidewalk;
(i) cryogenic SFb-based plasma etching, in which the sample is held "at a '8-'4) This "temperature is sufficiently low that the SiFX etch low temperature .
products are no longer volatile unless they are desorbed by ion-assistance. Since the ions only strike the horizontal surfaces and not the feature sidewalls, undercutting is suppressed. The drawback of this method is its complexity and low throughput because of the wafer cooling requirements.
(ii) the so-called Bosch process, in which the feature sidewalls are continually covered by polymer deposition during a sequential etch/deposition 2 process involving alternating SF~C4F8 plasmas. The drawback of this method is its relatively low average etch rate (-4-5~m/min).
It would appear that a comparative study of F2-based feedstock gases for high-rate
Si etching would be useful in determining whether SF6 is the optimum choice in (ii)
above. The absolute reaction rate of F atoms with single crystal Si follows(] 6).
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Rate (~min) = 2.9 x 10 T 2 exP where T is the absolute substrate temperature, NF the F-atom number density, R the gas constant, and EF the measured activation energy of 2.5 kcal/mol. From this equation it is clear that one must increase the fluorine atomic neutral density in order to increase the Si etch rate. It is not practical to increase the substrate temperature because of the need to use photoresist or polymer masking materials with low thermal stabilities. Similarly, the reaction rate could be enhanced by providing a substantial energetic ion flux to the Si surface. The ion energy, however, must be kept low under these conditions to avoid mask micro-machining processes involve long exposures of the mask material to the plasma, it is necessary to minimize the ion energy to prevent erosion of the mask. There are significant differences in the Si etch rates achieved with the four different plasma chemistries, with SF6 providing for the fastest etch rates. It is instructive to compare the observed etch rate trends with the average bond energies for the gases, shown in Table 1 .
Note that there is a good correlation between weaker bond energy (i.e. easier dissociation to provide reactive fluorine neutrals) and higher etch rate, except for the case of NF3.
This gas should provide the highest etch rate, based on the assumption of a simple gas dissociation analysis of the process. products, while the NF3 spectrum has the strongest FO emission intensity of all the gases, as expected from its average bond energy. However, consistent with the etch rate data, we observed only a tiny peak due to the SiFX etch products.
SEM micrographs of the Si surfaces after 2 min etches in the four different plasma chemistries are shown in Figure 5 . The surfaces after PF5 or BF3 etching are featureless at this magnification (xl 000), while the SFs-etched surface shows the presence of small pits. We should point out that the human eye does not detect any morphology on this surface and it appears mirror-like. We assume that the high chemical component involved in the SF6 etching leads to delineation of crystal defects, which etch slightly faster than perfect Si. Note that this is the surface morphology after etching -1 6ym with the SF6 discharge. By sharp contrast, the NF3-etched surfaces appear cloudy to the eye, and the SEM reveals the presence of shallow pits and linear defects. This is the surface morphology after etching -1.5 pm with the NF3 discharge.
A more quantitative measure of surface is obtained horn the AFM data. Figure 6 shows the Si surfaces before and after etching in the four different plasma chemistries.
While the PF5 and BF3 produce little change in root-mean-square (RMS) roughness of the Si surface, there is significant roughening with the other two chemistries. As seen in the microstructure, this is due to the delineation of shallow pits in the case of SF6, whereas for the NF3 the surface is clearly much rougher on a micro-scale. The RMS values for the etched surfaces are shown in Figure 7 as a function of ICP source power for the four plasma chemistries. Note that the roughness of surfaces etched in SF6 increases much more rapidly with source power than does etch rate (compare with 6 > Figure 1 ). This indicates that the etch pits become more obvious above a certain source power, i.e. above certain FOdensities.
The surprising result in all of these experiments is that NF3 does not produce the fastest etch rates. One cause might be the formation of a heavily fluorinated (or nitnded)
surface layer that prevents reaction of adsorbed fluorine neutrals to form the volatile etch products. We examined the etched surfaces with AES, and surface scans of the SF6 and NF3 processed samples are shown in Figure 8 . In both cases they look similar to the etched control sample. However, we did notice a small F-residue signal present on the NF3-etched sample during the first few passes of the scan. These residues were desorbed by the electron probe beam during the analysis, but do not appear in the scan of Figure 8 because that represents the average of 10 consecutive passes of the beam (a standard method when presenting AES data). Note that we did not observe any N-related residues on the NF3-etched surfaces.
If indeed some type of selvedge layer is the cause of the lower-than-expected Si etch rates in NF3 discharges, we might expect that a reduction in the FOneutral flux might actually enhance the etch rate. The neutral flux can be altered by changing either the process pressure or ICP source power, while an increase in dc self-bias would provide more efficient sputter-desorption of adsorbed reactants and etch products. Figure 9 shows the Si etch rate in NF3 discharges as a function of each of these parameters. Note that under no set of conditions do we achieve etch rates approaching those obtained with SF6 
